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Multiferroic nanomaterials bear the potential for assembling a manifold of novel and smart devices. For room
temperature (RT) applications, however, only the BiFeO3 single-phase perovskites are potential candidates to date.
Nevertheless, vertical heterostructures separating magnetic and ferroelectric functionality into different layers are
now widely proposed to circumvent this lack in materials’ availability. We show here that the second approach is
very profitable as illustrated by the strain-mediated coupling between such two layers, i.e., a ferroelectric barium
titanate single-crystal (BTO) and a magnetostrictive nickel (Ni) thin film. Applying an electric field across the
BTO substrate forces the magnetic easy axis in the Ni film to rotate by 90◦ , resulting in a magnetic anisotropy
in the range of −1.2 to −33 kJ/m3 . We show that local switching proceeds through the nucleation and growth
of straight Néel-domain walls at a cost of zigzag walls. The process is fully reversible and continuously tunable
as investigated with magnetooptical Kerr microscopy and magnetic force microscopy probing the local in-plane
and out-of-plane magnetizations, respectively. Moreover, the degree of anisotropy can be pre-engineered by
depositing the Ni film either at RT, above the Curie temperature Tc of BTO, or at an intermediate temperature.
Our findings give evidence for using the reported coupling in modern devices, such as magnetoresistive random
access memories, spin valves, spin-polarized electron emission, but equally for the bottom-up assembling of
magnetizable molecular nanostructures through magnetic domain wall engineering.
DOI: 10.1103/PhysRevB.87.054410

PACS number(s): 75.30.Gw, 75.60.Ch, 75.80.+q, 75.85.+t

I. INTRODUCTION

For the last decade, much attention has been paid to multiferroic and magnetoelectric (ME) media to understand ferroic
ordering phenomena.1–5 For applications, heterostructures that
allow a separate tuning of the physically relevant properties
of each layer are particularly promising. In this respect, coreshell heterostructures have been proposed as subwavelength
coherent light sources via higher harmonic generation,6 while
ME multilayer structures were shown to be beneficial in
low-power spintronic devices7 and magnetoresistive random
access memories.8
When varying the lattice constant of the underlying
layer/substrate, the magnetic anisotropy of a magnetostrictive
top layer can be modified reversibly. This may be initiated
through quite different means, i.e., by ion implantation into
the substrate,9 through substrate bending, or by applying an
electrical bias voltage across a ferroelectric substrate. To
date, however, mostly the integral properties of such ME
coupling have been the research focus,10–13 clearly elucidating
the feasibility of such novel devices. In contrast, evaluating
and understanding the microscopic coupling and physical
mechanisms within such ME heterostructures has not yet
been reported. This is necessary to propose adequate material
combinations for novel prospective device applications.
Here, we fill this gap and present the possibility of tuning
the local strain-induced magnetic anisotropy of a 50-nm-thick
magnetostrictive nickel (Ni) film deposited onto a singlecrystal barium titanate (sc-BTO) substrate, simply by adjusting
the deposition conditions, i.e., the substrate temperature. After
Ni deposition, the induced strain is varied by applying an
electric field to the BTO substrate, hence varying the substrate
lattice constant. As a result, the magnetic domain pattern in
1098-0121/2013/87(5)/054410(6)

the Ni film jumps into a new equilibrium state with partially
reoriented magnetic domains. Magnetooptical Kerr microscopy reveals either a parallel or perpendicular alignment of
the magnetic easy axis with respect to the ferroelastic domain
walls in BTO. In addition, magnetic force microscopy (MFM)
inspects both the type of magnetic domain wall, its stability,
and dynamics. [Note that Kerr microscopy allows to visualize
the in-plane magnetization (xy plane), while MFM probes the
magnetic stray field of magnetostatic charges (domain walls)
within the Ni film.] Optimized deposition parameters could
then be established at an intermediate substrate temperature of
90 ◦ C, allowing the reversible nucleation of magnetic zigzag
domain walls14 upon applying an electric field to the BTO
substrate. Moreover, we analyze our findings in the context of
an analytical model15 calculating the strain-induced anisotropy
distribution in the Ni film; as shown both the theory and
experiment match very well.

II. PREPARATION

A large strain-mediated coupling between the ferroelectric
substrate and the magnetostrictive layer is obtained by choosing nickel as the magnetic layer. Its large magnetostriction
constant of λ ≈ −3.4 × 10−5 (Ref. 16) and the low saturation
magnetization are superior to minimize the contribution of
flux-closure domains over other transition metals, such as Fe or
Co. The Ni (50 nm) film was deposited via dc magnetron sputtering onto a ferrolectric (FE) 500-μm-thick sc-BTO substrate
with an atomically flat [100] surface. The lattice constants of
BTO at room temperature are 3.993 and 4.035 Å along the
ferroelectric c (out-of-plane polarization) and a axes (in-plane
polarization), respectively,17 that allow to induce a strain into
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the nickel film by applying an electric field after deposition
to the substrate. In this way, a maximum in-plane straininduced anisotropy of K = (−35 ± 10) kJ/m3 is feasible. A
comparison with the anisotropy of the unstrained nickel film of
K ≈ −1 kJ/m3 and the crystal anisotropy of K ≈ −4.5 kJ/m3
(Ref. 18) clearly demonstrates the benefits and strengths of
strain-mediated ME coupling in the Ni/BTO system.
In addition, heating the substrate above its transition
temperature of 126 ◦ C transfers the tetragonal symmetry of
the unit cell into a cubic one with a lattice constant of 4.01 Å.
Since the sputtering ions have a large kinetic energy that is
transferred to the target atoms, a small temperature increase
of the BTO substrate is present during deposition. In case of a
sufficient heat transfer between the nickel atoms and substrate
surface, the very surface may exceed the ferroelectric transition
temperature. Because the bulk region has a lower temperature,
a temperature and strain gradient is generated. By adjusting
both the deposition rate and environmental temperature, the
lattice constants at the surface are set. In this respect, the
samples were prepared at three different deposition conditions
(base pressure: 7 × 10−8 mbar; Ar pressure: 10−3 mbar):
(a) at room temperature using a minimum deposition rate
of 3.3 nm/min (NB1); (b) at a high temperature (>126 ◦ C)
with a minimum deposition rate of 3.3 nm/min (NB2); and
(c) at an intermediate temperature of 90 ◦ C using a maximum
deposition rate of 36 nm/min (NB3). No capping layer was
used that could modify the stress distribution within the film.
In this respect, no precautions to prevent surface oxidation
have been made. However, the qualitative behavior is not
affected as verified by investigating an one-year-old sample.
The nanocrystalline morphology of the resulting films was
verified by the lack of both x-ray diffraction reflexes in x-ray
diffraction measurements and Kikuchi patterns in electron
backscatter diffraction measurements.
III. RESULTS AND DISCUSSION

In our investigations, the BTO substrate temperature was
varied in three different runs, explicitly specifying the following three cases for the Ni/BTO (NB) system:
(i) NB1: TRT = 25 ◦ C: Room temperature deposition of Ni
onto sc-BTO, with the BTO showing ferroelectric domains;
(ii) NB2: T > Tc = 126 ◦ C: Ni is deposited onto paraelectric sc-BTO; and
(iiii) NB3: TRT < T < Tc : Intermediate state with BTO
being ferroelectric during Ni deposition.
Independent of the preparation conditions, all the experiments reported here were carried out at ambient conditions
[room temperature (RT), air]. Hence, we observe for all
three cases an equilibrium distribution of FE domains in the
sc-BTO substrate. Their equilibrium period measures a few
micrometers in lateral size19 and thus allows to use also optical
techniques for inspection. BTO at RT splits into ferroelectric
a (in-plane) and c (out-of-plane) domains separated by either
ferroelastic 90◦ or ferroelectric 180◦ domain walls. The
effective FE domain distribution as thoroughly checked by
piezoresponse force microscopy (data not shown) reveals
the antiparallel domain alignment in a+/a− and c+/c−
polarization configurations, respectively. Nevertheless, this
subtle differentiation does not affect the strain-mediated

coupling since only the BTO unit cell form and size within
the a- and c-domain areas is of importance. Note that the cand a-domain unit cells measure 0.3993 × 0.3993 nm and
0.4035 × 0.3993 nm at RT,17 respectively, with the longer
a axes in the second case being aligned perpendicular to the
ferroelastic domain wall. Also note that the ferroelastic strain
between unit cells that need to match at the 90◦ domain walls
results in a 0.6◦ surface tilt, often referred to as a topographic
step [Fig. 1(a)].
We declare α and β domains that refer to magnetic domains
with tensile and compressive stress perpendicular to the
topographic steps, respectively. In this respect, the straininduced magnetic easy axis for negative magnetostrictive
nickel is oriented parallel (α) and perpendicular (β) to the
topographic steps. In isotropically stressed domains (γ ),
the magnetization alignment is governed by stray field and
exchange minimization.
A. NB1: TRT = 25 ◦ C

We first discuss case (i) where the nickel film was deposited
at RT (NB1 sample). The low deposition rate of 3.3 nm/min
provides a vanishing strain-induced anisotropy due to the
stress-free Ni attachment to the BTO surface [Fig. 1(a)]. Magnetic domain patterns were recorded right after Ni deposition
by means of MFM. As shown in Fig. 1(b), the as-deposited
Ni film splits up into microscopically small magnetic domains
with random orientation that are surrounded by cross-tie domain walls (alternating black-white contrast), characteristic for
thin films with a very low to moderate magnetic anisotropy.20,21
The patchy magnetic contrast that refers to a modulation of
the magnetization illustrates the nanocrystalline morphology
of the film. Moreover, no registry between magnetic and
ferroelastic domain walls could be deduced.
Similarly, we analyzed the sample for in-plane magnetization using longitudinal Kerr microscopy; notably, no domains
were observed after demagnetizing the sample perpendicular
to the sensitive direction. The lack of a contrast in any
direction underlines the absence of a strain-induced magnetic
easy axis in this Ni film. The isotropic switching field of
(2.0 ± 0.5) mT originates from the effective averaging of the
nanocrystalline anisotropy due to exchange coupling known
as random anisotropy.22,23 The magnetic anisotropy constant
measures K = 12 μ0 MS HK = (−1.2 ± 0.3) kJ/m3 and is listed
in Table I together with the measured saturation magnetization
MS and the anisotropy field HK .
Applying an external electric field (∼2 kV/cm) across the
sc-BTO substrate enlarges the c-domain areas [Fig. 1(a)];
microscopically a domains are switched into c domains thus
effectively reducing the surface area by ∼1% within switched
FE domains (β domains), hence resulting in compressive
strain on the nickel film perpendicular to ferroelastic walls.
Figure 1(c) depicts the stress domains derived from the
topography change in the optical image before and while
applying an electric field. Since Ni is negative magnetostrictive, a magnetic easy axis is generated along the compressive
stress axis [Fig. 1(a)]. Accordingly, the magnetization aligns
perpendicularly to the ferroelastic domain wall, at least in
the vicinity of the newly grown c-domain area due to the
substantially increased anisotropy [Fig. 1(d)].
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checked this behavior by applying an external magnetic field
Hext = 10 mT parallel to the ferroelastic wall as depicted in
Fig. 1(e). Comparing the induced magnetic anisotropy in the
β domains of K = (−33.8 ± 7.5) kJ/m3 with the one in γ
domains (K ≈ −1 kJ/m3 ), clearly illustrates the significant
strain-mediated coupling.

(a)
BTO

c

Au/Cr

c

a

c

a

During deposition – T = 25◦ C
stress
Ni
BTO

γ
c

Au/Cr

a

c

a

B. NB2: T > Tc = 126 ◦ C

c

The second case constitutes an extreme situation in which
Ni is deposited onto paraelectric sc-BTO, and then cooled
down to RT for inspection (NB2 sample). Initially, the Ni
film is stress-free, but experiences locally either an induced
tensile or compressive stress upon cooling down to RT. Above
a domains, the magnetic easy axis aligns parallel to the
ferroelastic domain wall (α domain) even in the absence of
any external electric field (not shown). In contrast, the uniform
compressive stress above c domains does not generate an easy
axis.
Comparing the local anisotropy for these two cases (NB1
and NB2) reveals absolute values on the same order of
magnitude (Table I) justifying the equivalence of compression
and tension. Moreover, this also suggests that the Ni deposition
at an intermediate BTO substrate temperature might provide
the desired 90◦ rotation of the magnetic easy axes upon electric
field switching.

As-prepared – T = 25◦ C
easy axis
stress
γ
c

a

β
c

a

c

V

Applying electric voltage – T = 25◦ C

(b) MFM

(c) Stress domains

γ
β

C. NB3: TRT < T < Tc

(d) Kerr – 0 mT

(e) Kerr – 10 mT

Hext

FIG. 1. (Color online) Room temperature deposition of Ni onto
BTO (NB1 sample). (a) No effective uniaxial stress is induced into
the film (blue regions) when conserving the room temperature lattice
constants during deposition. Applying an electric field normal to
the surface initiates a ferroelastic phase transition of the substrate
that causes uniaxial compressive stress above new c domains (green
regions). (b) MFM image of the as-deposited sample shows crosstie walls randomly distributed throughout the film, indicating low
anisotropy. (c) The stress domain distribution of the nickel film
exposed to an electric field is depicted. The magnetization component
perpendicular to the topographic steps of the demagnetized state
is shown in (d). (e) The magnetization of low-anisotropy regions
reorients along the direction of the external magnetic field.

Small magnetic domains become visible that broaden with
increasing distance from the β domains. Their small size
originates from their independent nucleation over the surface
at larger fields and the goal to minimize the stray field. We

At an intermediate substrate temperature of 90 ◦ C, the BTO
is still ferroelectric during Ni deposition. In the absence of an
electric field, both stress and the magnetic domains are similar
to the case at high temperatures (NB2 sample). Nevertheless,
the magnitudes of stress and magnetic anisotropy differ
considerably. Applying an external electric field generates a
magnetic easy axis perpendicular to the ferroelastic domain
walls [Fig. 2(a)], and an abrupt transition between α and β
domains with charged 90◦ walls is observed [Fig. 2(c)]. Since
the electric voltage (70–200 V) is applied to the whole crystal,
merely the density of the α and β domains can be adjusted in
this way.
Branching-like domain patterns are formed above ferroelectric c domains to match the different magnetic domain
width and minimize the stray field. This separation originates
from different switching fields due to distinct magnetic
anisotropy (Fig. 3). The position where the magnetic domain
wall deviates from its straight direction coincides with the
edge of the β and γ domains. An analysis of the widths
of these magnetic domains reveals a square-root dependence
as expected for Kittel’s open domain structures with bulk
considerations.24
The domain walls are visualized by means of MFM
revealing an asymmetric (dipolar) phase contrast for straight
Néel walls in β domains and a symmetric (monopolar) phase
contrast for head-to-head (h2h)/tail-to-tail (t2t) walls in α
domains (Fig. 4). Charged 90◦ domain walls separate highanisotropy α and β domains. The magnetic structure depicted
in Fig. 4(b) is obtained after partial substrate switching, which
results in the annihilation and renucleation of a and hence α
domains [Fig. 4(c)]. To minimize the stray field, flux-closure
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TABLE I. The table summarizes saturation magnetization Ms , in-plane anisotropy K, and coercive field Hc of the investigated Ni/BTO
samples prepared at different temperatures Tdep . The good agreement of the Kerr and SQUID values illustrates homogeneity throughout the
sample. The calculated anisotropy constant is (−35 ± 10) kJ/m3 .
Tdep [◦ C]

Ms [kA/m]

Stress domain

K Kerr [kJ/m3 ]

K SQUID [kJ/m3 ]

HcKerr [mT]

HcSQUID [mT]

NB1

≈25

300 ± 42

γ
β

−0.5 ± 0.5
−33.8 ± 7.5

−1.2 ± 0.3
−33.0 ± 7.3

1.6 ± 0.5
5.7 ± 0.2

1.4 ± 0.5
–

NB2

126

265 ± 37

γ
α

−1.5 ± 0.3
−25.2 ± 5.5

−1.2 ± 0.3
−30.5 ± 6.7

8.5 ± 1.0
14.5 ± 2.0

5.0 ± 0.5
14.5 ± 2.0

NB3

≈90

280 ± 39

α
β

−12.6 ± 2.8
−22.3 ± 5.1

−14.0 ± 3.1
−23.7 ± 6.2

2.0 ± 0.5
8.0 ± 1.0

1.7 ± 0.5
8.0 ± 1.0

Sample

domains are formed by inducing h2h/t2t domain walls, which
connect the adjacent α domains. In this respect, the zigzag
walls nucleate with the anchors pinned at the center of charged
(a)
BTO

c∗

Au/Cr

c∗

a∗

c∗

a∗

During deposition – T ≈ 90◦ C
easy axis
stress
Ni
BTO

α

γ
c

Au/Cr

c

a

c

a

As-prepared – T = 25◦ C
easy axis
stress
γ
c

a

β

α

c

a

c

V

Applying electric voltage – T = 25◦ C

(b) Stress domains

(c) Kerr

α
β

γ

FIG. 2. (Color online) Strain-mediated coupling in magnetoelectric Ni/BTO (NB3 sample). (a) The lattice constants of the
substrate during deposition are set by varying both deposition rate and
environmental temperature. At room temperature after deposition,
uniaxial tensile (α domains, red regions) and isotropic compressive
stress (γ domains, blue regions) are induced into the film that
generate magnetic easy axes in the nickel film due to magnetostriction.
Applying an electric field induces uniaxial compressive stress into
the nickel film (β domains, green regions). Images (b) and (c)
depict the stress domain distribution and the superimposed inplane magnetization components of a state demagnetized along the
ferroelastic domain walls, respectively.

90◦ walls of opposite MFM contrast. As a result, periodically
alternating h2h and t2t walls with changing magnetic charges
appear. As the a-domain area increases, the angle between
the wall normal and magnetic easy axis decreases due to
the fixed mean orientation of the wall. After exceeding the
critical value, the zigzag folding of the magnetic domain wall
occurs. In the case of NB3, the zigzag walls align under
angles of (−18.1 ± 3.9)◦ and (21.3 ± 4.5)◦ with respect to
the ferroelastic domain wall as shown in Fig. 4(c). The density
and position of the zigzag walls are retained while applying
an external electric field due to the conservation of the domain
width within β domains.
The magnetic hysteresis loops of all three samples were
measured by both magnetooptical Kerr microscopy with
an information depth of 20 nm and a volume-integrative
superconducting quantum interference device (SQUID, VSM,
Quantum Design). The saturation magnetizations are derived
from the SQUID data that reveals a decrease with increasing
temperature (Table I). At a high deposition temperature, the
film consists of larger grains with a corresponding lower
density due to the enlarged interstitial space. Comparing
the absolute values of ≈300 kA/m with that of crystalline
Ni (487 kA/m) illustrates a significantly reduced saturation
magnetization (0.54–0.62). This distinct value of Ni/BTO
was also reported by other groups.13 Within each deposition
run, Ni/BTO and nickel on a Cu plate were simultaneously
prepared to access the impact of the substrate. For Ni/Cu,
a saturation magnetization of (390 ± 50) kA/m was found.
The large spread is assigned to a varying volume density
of interstitial spaces and grains due to the substrate lattice
constant. Since the BTO substrate is perfectly flat and clean, the
interatomic distance can be much more effectively imprinted
into the film as in case of a Cu plate.
The extraordinary low magnetization was verified by both
electron beam vapor deposition and sputtering, and measured
by two different SQUIDs. Another proof could be given by calculating analytically the magnetostrictive anisotropy constant.
For this purpose, the so-called coherency technique15,26 was
adapted to describe an amorphous isotropic thin film, whose
bottom surface is strained according to the change of the lattice
constants of the substrate due to either thermal or electric
phase transition. Within this framework, the back coupling of
the film, elastic, and further magnetic energy contributions are
neglected. Both the tilt and lattice change are described by
infinitesimal edge dislocations with Burgers vectors normal
and parallel to the surface, respectively. For further insight,
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(d)

β

(a) Stress domains

α

(b) MFM

(a)

α
H0

γ
β

(e)

(c) Origin of zigzag walls within α-domains

(b)

Renucleation
of a-domains

H0

Formation of fluxclosure domains

Zigzag folding to
reduce charges

FIG. 4. (Color online) Domain wall configuration in magnetoelectric Ni/BTO. Panels (a) and (b) show stress domains and
corresponding domain wall configuration with zigzag walls and
straight Néel walls located above a and c domains, respectively.
The origin of zigzag walls is sketched in (c). Decreasing the
electric voltage after saturation, new a and α domains nucleate. To
reduce the stray field, flux-closure domains are formed exhibiting
head-to-head/tail-to-tail configurations. The angle of the domain wall
increases further with decreasing voltage due to pinned anchor points
that eventually induce a zigzag folding.

(f )

(c)

H0 = 0

FIG. 3. (Color online) Branching-like domain patterns in β/γ /β
sandwich structures. The three panels (a)–(c) illustrate the switching
behavior of β domains in the vicinity of γ domains in a longitudinal
magnetic field, shown at the right [(d) stress domains; magnetic
domains via MOKE imaging (e)–(f)]. (a) Sufficiently large fields
cause a saturation along their direction. (b, e) Below the switching
field of β domains (≈20 mT), the magnetization rotates into the
easy axis. The magnetization within the embedded γ domains is
still aligned along the field direction due to much smaller anisotropy.
Because the system tends to reduce the net charge of domain walls, the
vectors within γ domains slightly tilt with decreasing field. (c, f) The
resulting remanence state exhibits branching-like domain patterns
with a tilt of magnetization to match the different domain widths
within the neighboring β domains. The mean tilt and mean width
can be adjusted by applying different magnitude of normal electric
field to change the underlying ferroelectric domain structure. In this
respect, the bottom-up assembling of magnetizable molecules can be
controlled.

we refer to the original work.15,26 For calculations, the shear
modulus μ = κnano · 40.5 GPa and the Poisson ratio ν = 0.3
of polycrystalline nickel25 are used. The coefficient κnano =
0.54 ± 0.23 accounts for the low nickel density, assuming
a linear relation between elastic coefficients and volume
density. The values [(−35 ± 10) kJ/m3 ], obtained for the
coercive field and anisotropy shown in Table I, agree well
with our Kerr and SQUID measurements, which demonstrates
homogeneity throughout the sample and properly derived

shear modulus/volume density. The success of adapting the
theory provides a way to predict both stress and its continuous
transition from compressive to tensile as it is important for
miniaturization/application.
IV. SUMMARY

In conclusion, we demonstrated the possibility of influencing the strain-induced anisotropy in ME Ni/BTO heterostructures by using appropriate preparation conditions
and adequate external electric fields. In this respect, the
tensile and compressive stresses of a different magnitude are
induced into the magnetostrictive Ni film after deposition,
generating a magnetic easy axis that is aligned either parallel
or perpendicular to the ferroelastic domain walls. Appropriate
deposition parameters allowed a local rotation of the magnetic
easy axis by 90◦ driven by an external electric field, which
makes this approach attractive for spintronics devices and
spin valve sensors since they need the adjustable sensitivity
for in-flow detection of magnetic particles.27 In contrast to
Ref. 28, where zigzag walls were nucleated randomly by
applying a local magnetic field, the predefined straight Néel
walls in β domains determine the anchor points (center of
90◦ wall depends on the separation between straight Néel
walls) and a real density of the magnetic zigzag walls whose
nucleation is electrically driven. The corresponding reversible
nucleation of zigzag domain walls driven by electric fields as
well as the different stability of magnetic zigzag and straight
Néel walls above ferroelectric a and c domains, respectively,
allows to sense magnetic microparticles and probably even
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nanoparticles at the microscale by measuring the change
of magnetoresistance due to the deformation/annihilation of
domain walls.29–31 The reversibility and electric field-driven
motion of magnetic domain walls makes the investigated
system also very attractive for the bottom-up assembling of
magnetic beads or molecular nanostructures and microstructures and their controlled manipulation.32–34
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